Toward absolute durability performance criteria : preliminary case by De Schutter, Geert et al.
Full Terms & Conditions of access and use can be found at
http://www.tandfonline.com/action/journalInformation?journalCode=tscm20
Download by: [Ghent University], [Geert De Schutter] Date: 23 November 2015, At: 23:12
Journal of Sustainable Cement-Based Materials
ISSN: 2165-0373 (Print) 2165-0381 (Online) Journal homepage: http://www.tandfonline.com/loi/tscm20
Toward absolute durability performance criteria:
preliminary case study of a sea lock
G. De Schutter, P. De Pauw, N. Reybrouck & R. Caspeele
To cite this article: G. De Schutter, P. De Pauw, N. Reybrouck & R. Caspeele (2015): Toward
absolute durability performance criteria: preliminary case study of a sea lock, Journal of
Sustainable Cement-Based Materials, DOI: 10.1080/21650373.2015.1077755
To link to this article:  http://dx.doi.org/10.1080/21650373.2015.1077755
Published online: 30 Oct 2015.
Submit your article to this journal 
Article views: 2
View related articles 
View Crossmark data
Toward absolute durability performance criteria: preliminary case
study of a sea lock
G. De Schutter*, P. De Pauw, N. Reybrouck and R. Caspeele
Magnel Laboratory for Concrete Research, Ghent University, Ghent, Belgium
(Received 29 June 2015; accepted 24 July 2015)
In order to achieve durable concrete structures, concrete code provisions typically
require a minimum cement content, a maximum water cement ratio, and a minimum
strength class. These ‘deemed-to-satisfy’ rules are mainly based on long-term practi-
cal experience. However, as there is a clear trend to use new binder types, consider-
ing alternative cement replacing and environment-friendly powders, this prescriptive
approach can be criticized. Classical deﬁnitions such as cement content and water
cement ratio are open to heavy debate in case of the alternative binder systems. Fur-
thermore, the relation between durability performance of concrete based on new bin-
der systems and the prescriptive parameters (cement content, water cement ratio,
strength) is not without criticism either. The equivalent concrete performance concept
(ECPC) offers a ﬁrst step to a more soundly based evaluation of durability require-
ments for new binder types. Nevertheless, ECPC also has its limitations, as it is
based on comparative testing still considering a deemed-to-satisfy reference concrete.
A more fundamental solution can be based on absolute durability performance for
the concrete to be applied in a structure. This performance can be checked in
laboratory conditions (potential performance) as well as on the completed structure
(as-built performance). In this study, some preliminary research results are reported
in view of deﬁning absolute durability criteria for a sea lock to be constructed.
Keywords: concrete; durability; service life; performance criteria
Introduction
After the introduction of concrete as a
construction material, there has been a
strong historical belief that concrete
structures were built to last without any
further maintenance or repair. Further
experience, however, has shown that
reality unfortunately is different. A multi-
tude of degradation mechanisms can
severely reduce the service life of con-
crete structures: steel reinforcement can
corrode, cement matrix can be attacked,
and even aggregates can show detrimen-
tal processes.[1]
The best and most economical option
to reach a target service life is to care-
fully design the structure duly consider-
ing the effect of relevant aggressive
actions. An important element within this
approach of ‘good practice’ is to design a
durable concrete composition. A durable
concrete structure starts with a durable
concrete for the considered application.
Some traditional parameters are generally
considered to be important for the dura-
bility of concrete: the water/cement ratio,
the cement type and content, and con-
crete strength. These parameters will be
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commented further on in this study. Often
neglected is the inﬂuence of the maxi-
mum particle size on the required cement
content within a mix. The application of
reactive or nonreactive additions (puz-
zolan and inert ﬁllers) and the degree to
which these powders can be considered
as cement replacing materials is an
important point of discussion in daily
practice. Casting and curing operations
are also important with respect to the
ﬁnal durability properties of the com-
pleted structure. As a general point of
attention, it should be realized that the
concrete cover is crucial to some durabil-
ity properties of concrete structures.[1]
Code prescriptions: deemed to satisfy
Concrete standards, such as the European
Standard EN 206, cannot be considered
as scientiﬁc reports or text books. The
fundamental materials science, explaining
the overall behavior of the concrete, is
translated to rather practical measures
which can be followed easily in practice.
This is of course in line with the general
purpose of a standard, giving guidance to
daily practice. Standards are providing
generally accepted rules, typically based
on long-lasting practical experience. This
strength of the standards is at the same
time also a weakness, as standards do not
always cope with scientiﬁc progress in a
good way. The current evolution in the
design of multiple binder systems, con-
sisting of three or more powder types, is
a real challenge for actual standards.
The water/cement ratio, cement con-
tent, and compressive strength have been
considered as important durability param-
eters already for a long time. It is not sur-
prising that current code provisions
related to durability of concrete are typi-
cally based on these parameters. The
durability requirements in the European
concrete standard EN 206 ‘Concrete:
Speciﬁcation, performance, production
and conformity’ are based on the
deﬁnition of exposure classes, designated
with a capital letter X, followed by
another letter depending on the speciﬁc
degradation mechanism to be considered:
C for carbonation, D for deicing salts, S
for sea water, F for frost, and A for
chemically aggressive environment. The
letter combination is completed by a
number, referring to speciﬁc humidity
conditions. Depending on the environ-
ment, several degradation mechanisms
can occur in parallel. Therefore, it is nec-
essary to select all relevant exposure
classes for the considered application.
Finally, the concrete composition will
have to be designed considering the most
severe requirements linked to the selected
exposure classes.
The durability requirements are
expressed in terms of a maximum allow-
able water/cement ratio, a minimum
needed cement content, and a minimum
needed compressive strength class of the
concrete. These limiting values are
mainly based on practical experience and
do not directly result from clearly docu-
mented scientiﬁc considerations and cal-
culations. The EN 206 durability code
provisions in terms of water/cement ratio,
cement content, and strength can be dif-
ferent in the different European member
states. The code provisions valid in the
‘place of use’ should be followed when
producing concrete elements in Europe.
Other international standards, such as
the North American Standard ACI
318:2008, the Canadian Standard CSA
A23.1:2004, the Australian Standard AS
3600:2001, and the Indian Standard IS
456-2000, are based on a similar
approach. Exposure classes are typically
deﬁned referring to the anticipated sever-
ity of the environment of the concrete
element. The exposure classes are often
subdivided, e.g. depending on humidity
conditions. After proper selection of the
relevant exposure (sub)class, limiting val-
ues are obtained for water/cement ratio
and compressive strength in the North
2 G. De Schutter et al.
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American, Canadian, and Australian stan-
dards, while a minimum cement content
is also required in the European standard.
Additional requirements might be added
in some cases, such as sulfate resistance
of the applicable cement type. A compre-
hensive overview is given in [2].
Criticism on current code provisions
While current code provisions have the
advantage of being practical, the ‘deemed
to satisfy’ approach based on the techno-
logical parameters cement content, water/
cement ratio, and compressive strength is
being criticized by recent scientiﬁc
results. The concrete compressive
strength does not show to be a satisfying
parameter to guarantee durable behav-
ior.[3] The required minimum cement
content is also a doubtful criterion, as
illustrated in recent research by
Wasserman [4]. And on top of that, even
the water/cement ratio, which is often
considered to be the most important prac-
tical durability parameter, should be
applied with caution due to the limita-
tions on its interpretation.[5] In case of
Portland cement and water, the deﬁnition
of water/cement ratio is quite clear and
not questioned. In this case, there is also
a clear link between water/cement ratio
and strength, as, e.g. illustrated by
numerous strength laws. However, even
in this apparently straightforward case,
historic evolution of cement properties
has led to an increased durability risk
when only looking at concrete strength
and/or cement content, as clearly shown
by Neville [3] and De Schutter [6].
Within the current trend of increas-
ingly applying supplementary cementi-
tious materials of various types, the
deﬁnition of water/cement ratio is debat-
able and not clear. The European Standard
EN 206 tries to overcome this difﬁculty
by deﬁning the k-value concept. The prin-
ciples of this concept can also be found in
[5]. The k-value concept seems to be
working for easy cases with limited levels
of replacement by a well-known reactive
addition (such as ﬂy ash). However, major
discussions have been initiated in many
countries about the applicable k-value and
about the general validity of the k-value
concept for more complex situations. As a
consequence of the many difﬁculties
involved in the k-value concept, in
Europe, the deﬁned k-values differ from
member state to member state, as deﬁned
in the various national application docu-
ments related to EN 206.
The main concern is the fact that the
k-value concept is principally based on
concrete strength, which makes the link
with durability behavior not always
straightforward. By doing so, a k-value
could even be obtained for inert additions
which might inﬂuence strength in another
way than by chemically producing hydra-
tion phases (e.g. physical nucleation
effect of limestone ﬁller on Portland
hydration [7, 8]). While limestone ﬁller is
accelerating the hydration of Portland
clinker due to improved nucleation possi-
bilities, it is not chemically active (except
for a minor percentage which could be
chemically active in the formation of
monocarboaluminates).[7, 8] Due to its
nucleating effect, limestone ﬁller
improves the strength development,
which in a phenomenological way leads
to an apparent reactivity resulting in a
k-value as deﬁned for limestone ﬁller
within some countries. Nevertheless, the
improvement by limestone ﬁller of the
pore structure and the long-term durabil-
ity performance is not always of the same
degree as for the strength.[9]
Alternative attempts have been made
to correlate durability behavior of concrete
with other ‘easy to determine’ parameters,
such as water absorption by immersion.
This is also implemented in the EN 206, as
an optional additional requirement. Never-
theless, also the water absorption by
immersion can be generally questioned as
a governing durability parameter.[10]
Journal of Sustainable Cement-Based Materials 3
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Equivalent concrete performance
concept
An interesting option to avoid problem-
atic discussions about k-values is to
check the equivalency of concrete perfor-
mance, as described in the European
Standard EN 206:
the equivalent concrete performance
concept permits amendments to the
requirements in this standard for mini-
mum cement content and maximum
water/cement ratio when a combination
of a speciﬁc addition and a speciﬁc
cement is used, for which the manufac-
turing source and characteristics of each
are clearly deﬁned and documented.
Without further details, EN206 states that
‘testing should show that the performance
of the concrete containing the addition
should be at least equivalent to that of
the reference concrete’. This approach,
experimentally, demonstrating the dura-
bility of a new concrete based on an
alternative binder system in comparison
with a generally accepted deemed-
to-satisfy concrete is called the equivalent
concrete performance concept (ECPC). In
Belgium, the experimental protocol in
view of the application of the ECPC has
been deﬁned in the national standard
NBN B15-100. The evaluation of the
durability is based on comparative tests,
comparing the nontraditional concrete
composition with standard solutions
accepted by EN 206. More details can be
found in [11]. A case study is given in
the sequel of this study.
Absolute durability performance
In current standards, workability is pre-
scribed by requiring the real performance
(e.g. a certain slump class) and by testing
whether the produced concrete actually
meets the speciﬁed requirement (e.g. by
slump tests). A similar approach is fol-
lowed for concrete strength, by specify-
ing a strength class and verifying by
testing (compressive cube or cylinder
testing). Although mix design parameters
such as water content and cement content
are very relevant in order to reach the
speciﬁed workability and strength perfor-
mance, the codes are not specifying limit-
ing mix design values in order to reach
the required performance. A concrete
technologist should be able to design the
mix, supported by material laws and
models, in view of the desired perfor-
mance. Standardized tests should be per-
formed in order to check whether the real
performance is meeting the required per-
formance. In principle, this approach
could be followed for durability as well.
Durability performance classes could be
deﬁned, e.g. for carbonation, chloride
penetration, frost attack, and sulfate
attack. Veriﬁcation of the performance
requirements could be done by acceler-
ated testing in laboratory, and even by
testing the real concrete on site.
Although the principles of absolute
durability performance requirements are
simple and straightforward, a serious
bottleneck is the lack of generally
accepted and reliable accelerated durabil-
ity test methods of which the obtained
results can be linked to performance in
real conditions. Nevertheless, accelerated
durability tests do exist and are applied
already within the ECPC as deﬁned in
the European Standard EN 206, and
detailed, e.g. in the Belgian Standard
NBN B15-100 as mentioned before.
Within ECPC, the performance as mea-
sured by the accelerated durability tests
is compared with the performance of
generally accepted reference concretes
(complying with the prescriptive durabil-
ity tables in the EN 206). In this way, it
is not difﬁcult to deﬁne absolute perfor-
mance criteria to be met in the acceler-
ated laboratory tests. This will be
illustrated hereafter for a speciﬁc case
study.
Besides accelerated durability tests in
laboratory, nondestructive performance
4 G. De Schutter et al.
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tests on the real concrete in the com-
pleted structure can also be considered.
In this way, the concept of durability
indicators [12,13] can go along with the
new concept of absolute durability perfor-
mance testing in laboratory, based on cor-
relation studies and materials science.
The monitoring of the real concrete by
some durability indicators can be very
helpful both for owner and for contractor,
in view of achieving a ﬁnal structure with
a certiﬁed durability performance.
Durability indicators, however, will not
be further discussed in this study.
Case study: sea lock
For the construction of massive reinforced
concrete walls of a new sea lock, the
applicable concrete needs to be deﬁned in
the document with technical requirements.
Up to now, this is typically done by men-
tioning prescriptive requirements, limiting
the concrete strength (a minimum strength
class is prescribed), the cement content (a
minimum value is prescribed), and the
water cement ratio (a maximum value is
prescribed). Furthermore, some require-
ments are typically deﬁned concerning the
heat of hydration (in order to avoid early
age thermal cracking), alkali silica reac-
tion, initial chloride content, etc.
For the marine environment, different
exposure classes need to be considered as
deﬁned by the European Standard EN
206: XC4 (corrosion induced by carbona-
tion; cyclic wet and dry), XS3 (corrosion
induced by chlorides from sea water;
tidal, splash, and spray zones), XF4
(freeze/thaw attack with or without deic-
ing salts; high water saturation, with deic-
ing agents or sea water), and XA1
(chemical attack; slightly aggressive
chemical environment). According to the
Belgian national application document
(NBN B15-001), this leads to the require-
ment of a concrete with a minimum
cement content of 340 kg/m3 and a maxi-
mum water cement ratio of 0.45.
Generally accepted cement types
include (among others) Portland cement
CEM I 52.5 N HSR LA, blast furnace
slag cement CEM III/B 42.5 N – LH/SR
LA, and blast furnace slag cement CEM
III/C 32.5 N SR LA. These cement types
will be considered in this study as refer-
ence cements in view of the application
of the ECPC. An alternative mixture
based on a combination of blast furnace
slag cement CEM III/B 42.5 N – LH/SR
LA and limestone ﬁller will be tested for
equivalence, according to the testing pro-
tocol deﬁned in the Belgian ECPC Stan-
dard NBN B15-100, as an illustrative test
case. This includes accelerated testing of
carbonation, chloride migration, frost
resistance, and resistance to sea water.
The chemical composition of the cements
is given in Table 1.
Natural aggregates (river sand 0/4 and
limestone aggregates 2/6, 6/20, and 20/
31.5) are applied, resulting in a skeleton
in accordance with the requirements men-
tioned in the standard NBN EN 480-1
and addendum A1. The slump of the
fresh concrete is required to fall between
180 and 220 mm. A sulfonated naph-
thalene formaldehyde superplasticizer is
applied. The compositions of the three
reference concretes (accepted solutions
according to the technical prescriptions)
and of the alternative concrete (for which
the equivalent performance needs to be
shown) are given in Table 2. The average
compressive strength, measured on cubes
150 mm, at 28 and 56 days is also
mentioned in Table 2.
As an example, the equivalent dura-
bility performance veriﬁcation will be
illustrated here for the case of chloride
migration. The chloride migration is
tested in laboratory conditions by means
of the Nordtest method NT Build 492, on
cylindrical specimen with diameter
100 mm and height 50 mm. The speci-
mens are exposed to an electrical ﬁeld
along their height. At the bottom face,
the specimens are in contact with a
Journal of Sustainable Cement-Based Materials 5
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sodium chloride solution (100 g NaCl in
900 g water). The top face of the speci-
mens is in contact with a sodium hydrox-
ide solution (12 g NaOH in 1 L
deionized water). For each batch, three
cylindrical samples are tested. For the
reference mixtures, tests have been per-
formed on ﬁve different batches, while
for the alternative mixture, tests have
been performed on three different
batches. Figure 1 shows the overall range
of experimentally obtained values for the
chloride migration coefﬁcients for the
concretes based on the different cement
types. The conformity testing of the alter-
native mixture is performed on a statisti-
cal basis. First, the acceptance criteria
given in the addendum to NBN B15-100
will be applied (see further). These crite-
ria are similar to the Dutch document
‘CUR Aanbeveling 48’ (2010). After-
ward, some modiﬁcations to the test pro-
tocol will be proposed, enabling to take
into account a different number of test
results for the reference mixture and for
the alternative mixture. Finally, some
absolute durability performance criteria
will be deﬁned in an illustrative way.
Acceptance testing according to the
addendum to NBN B15-100
The conformity criteria mentioned in the
addendum of NBN B15-100 are based on
the same number of tests for the refer-
ence mixture and for the alternative mix-
ture. The alternative mixture is accepted
(or its behavior is equivalent to the
behavior of the reference mixture) when
the test variable Ti is larger than the limit
Table 1. Chemical composition of the cement (in %).
CEM III/C 32.5 N SR LA CEM III/B 42.5 N LH/SR LA CEM I 52.5 N HSR LA
CaO 43.0 47.1 64.3
SiO2 32.0 28.9 21.0
Al2O3 10.0 9.1 3.8
Fe2O3 1.0 1.8 5.1
MgO 6.0 1.0
Na2O 0.35 0.15
K2O 0.61 0.52
Na2Oeq 0.7 0.75 0.49
SO3 3.7 3.1 2.5
Table 2. Concrete compositions and compressive strength.
Constituent material
Mass per m3 (kg)
REF 1 REF 2 REF 3 ALT
Sand 0/4 741 741 741 756
Limestone aggregate 2/6 355 355 355 350
Limestone aggregate 6/20 805 805 805 737
Limestone aggregate 20/31.5 94
CEM III/C 32.5 N SR LA 340
CEM III/B 42.5 N LH/SR LA 340 290
CEM I 52.5 N HSR LA 340
Limestone ﬁller 30
Water 153 153 153 144
Superplasticizer (mL) 2588 3235 2647 3571
Mean compressive strength (MPa) 28 d 49.6 66.6 67.1 59.9
56 d 52.7 69.3 72.4 65.7
6 G. De Schutter et al.
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value kn given in the standard, or which
can be calculated as kn = t2n−2;0.90 (90th
percentile of t-distribution with 2n − 2
degrees of freedom, n being the number
of test results). The test variable Ti
is calculated according to Equations (1)
and (2).
Ti ¼
mr  mt1þ0:01d
s=
ﬃﬃﬃ
n
p (1)
s ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
s2r þ
s2t
1þ 0:01dð Þ2
s
(2)
where d is a value depending on the
durability aspect considered, e.g. 30 for
the case of chloride migration, specify-
ing the percentage of deviation for
which a probability of detection of 90%
is required. For this case, the accep-
tance testing is based on the chloride
migration coefﬁcient (results given here-
after in 10−12 m2/s). As already men-
tioned, the compliance criteria are based
on an equal number of tests for refer-
ence and alternative mixture. As in this
experimental program, the tests have
been repeated ﬁve times on the refer-
ence mixture, and three times on the
alternative mixture, the statistical com-
pliance testing is repeated several times,
each time considering three test results
for the reference (selected out of ﬁve),
and the three test results for the alterna-
tive mixture. In total, this leads to 10
different compliance tests (10 ways of
selecting three results out of ﬁve results
for the reference mixture). It is clariﬁed
that each test results is always the aver-
age of three test specimens. Table 3
summarizes the test results for the refer-
ence mixtures. For the alternative mix-
ture based on blast furnace slag cement
CEM III/B and limestone ﬁller, the
average chloride migration coefﬁcient
(based on three tests, each of them the
average of three specimens) is 2.36 ×
10−12 m2/s, with a standard deviation
equal to 1.26 × 10−12 m2/s. Applying the
statistical compliance tests given by
Equations (1) and (2), the conclusions
as summarized in Table 4 are obtained.
Figure 1. Chloride migration coefﬁcient for the concrete with different cement types. The boxes
indicate the zones with values deviating less than one time the standard variation from the aver-
age value. The lowest point of the downward lines indicates the lowest experimental values
obtained in the test program. The highest point of the upward lines indicates the highest experi-
mental values obtained in the test program.
Journal of Sustainable Cement-Based Materials 7
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The results of this compliance testing
show that the chloride migration behavior
of the alternative mixture is at least
equivalent to (or even better than) the
chloride migration behavior of the refer-
ence mixture based on Portland cement
CEM I 52.5, in spite of the lower cement
content and lower strength of the alterna-
tive mixture. On the other hand, the
behavior of the alternative mixture is not
equivalent to the behavior of the blast
furnace slag cement-based references.
These results can be easily understood
considering the better performance of
slag cement concrete concerning chloride
transport in comparison with Portland
cement concrete.
Acceptance testing according to the
addendum to NBN B15-100, but
extended to unequal number of tests for
reference and alternative mixture,
nr ≠ nt
The conformity criteria given before are
based on an equal number of test results
for reference and alternative mixture. If
this condition is not fulﬁlled (as is the
case in our test program, having ﬁve test
results for the reference mixture and three
test results for the alternative mixture),
the conformity criteria can be extended
as follows, for nr ≠ nt:
Ti ¼
mr  mt1þ0:01d
s
(3)
Table 3. Chloride migration test results for reference mixtures (in 10−12 m2/s) (every combina-
tion is a different selection of three results out of ﬁve available results).
Average (mr) Standard deviation (sr)
CEM III/C 32.5 Combination 1 0.949 0.126
Combination 2 0.878 0.249
Combination 3 0.900 0.211
Combination 4 0.808 0.219
Combination 5 0.830 0.188
Combination 6 0.759 0.237
Combination 7 0.803 0.212
Combination 8 0.824 0.180
Combination 9 0.753 0.228
Combination 10 0.683 0.109
CEM III/B 42.5 Combination 1 1.733 0.145
Combination 2 1.380 0.482
Combination 3 1.503 0.271
Combination 4 1.476 0.568
Combination 5 1.599 0.359
Combination 6 1.245 0.444
Combination 7 1.439 0.549
Combination 8 1.562 0.347
Combination 9 1.208 0.387
Combination 10 1.304 0.539
CEM I 52.5 N HSR Combination 1 21.243 2.346
Combination 2 20.541 3.274
Combination 3 21.360 2.219
Combination 4 20.246 3.338
Combination 5 21.065 2.465
Combination 6 20.363 3.303
Combination 7 19.063 1.537
Combination 8 19.882 0.446
Combination 9 19.180 1.595
Combination 10 18.885 1.329
8 G. De Schutter et al.
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S ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
nr  1ð Þs2r þ nt  1ð Þ
s2t
1þ 0:01dð Þ2
s

ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
nr þ nt
nrnt nr þ nt  2ð Þ
r
The limiting value for Ti can be cal-
culated by tnrþnt2;0:90 or can be obtained
by selecting the previously mentioned kn
value for n = (nr + nt)/2.
Following the Equations (3) and (4),
one compliance test can be performed
considering each of the reference mix-
tures, based on ﬁve reference test results
and three alternative test results. The sta-
tistical values for the reference mixtures
are given in Table 5. For the alternative
mixture based on blast furnace slag
cement CEM III/B and limestone ﬁller,
the results have been given before.
Applying the statistical compliance tests
given by Equations (3) and (4), the con-
clusions as summarized in Table 6 are
obtained.
Again, the results of the compliance
testing show that the chloride migration
Table 4. Result of statistical compliance testing for chloride migration performance of alternative
mixture (ALT) in comparison with different reference mixtures.
s Ti kn Ti> kn?
ALT vs. CEM III/C 32.5 Combination 1 0.978 −1.535 1.533 NOT OK
Combination 2 1.002 −1.622 NOT OK
Combination 3 0.993 −1.598 NOT OK
Combination 4 0.995 −1.755 NOT OK
Combination 5 0.988 −1.728 NOT OK
Combination 6 0.999 −1.833 NOT OK
Combination 7 0.993 −1.767 NOT OK
Combination 8 0.987 −1.740 NOT OK
Combination 9 0.997 −1.846 NOT OK
Combination 10 0.976 −2.009 NOT OK
ALT vs. CEM III/B 42.5 Combination 1 0.981 −0.145 NOT OK
Combination 2 1.083 −0.697 NOT OK
Combination 3 1.007 −0.538 NOT OK
Combination 4 1.124 −0.524 NOT OK
Combination 5 1.035 −0.363 NOT OK
Combination 6 1.067 −0.926 NOT OK
Combination 7 1.115 −0.585 NOT OK
Combination 8 1.031 −0.426 NOT OK
Combination 9 1.045 −1.007 NOT OK
Combination 10 1.110 −0.798 NOT OK
ALT vs. CEM I 52.5 N HSR Combination 1 2.539 13.253 OK
Combination 2 3.414 9.499 OK
Combination 3 2.422 13.977 OK
Combination 4 3.476 9.183 OK
Combination 5 2.649 12.587 OK
Combination 6 3.443 9.331 OK
Combination 7 1.817 16.439 OK
Combination 8 1.068 29.304 OK
Combination 9 1.867 16.109 OK
Combination 10 1.645 17.971 OK
Table 5. Chloride migration test results for
reference mixtures (in 10−12 m2/s), consider-
ing all test results available (ﬁve tests).
mr sr
CEM III/C 32.5 0.819 0.201
CEM III/B 42.5 1.445 0.429
CEM I 52.5 N HSR 20.183 2.369
Journal of Sustainable Cement-Based Materials 9
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behavior of the alternative mixture is at
least equivalent to (or even better than)
the chloride migration behavior of the
reference mixture based on Portland
cement CEM I 52.5, but is not equivalent
to the chloride migration behavior of the
slag cement reference concretes.
Toward absolute durability performance
criteria for chloride migration
The extended compliance test for nr ≠ nt
will now be modiﬁed and simpliﬁed in
order to come to absolute durability per-
formance criteria for the alternative mix-
ture. The criterion based on Equations (3)
and (4) can be rewritten as:
mt\1þ 0:01d mr  tnrþnt2;0:90ﬃﬃﬃﬃﬃ
n
p


ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
nr  1ð Þ s2r þ nt  1ð Þ
s2t
1þ 0:01dð Þ2
s #
(5)
n ¼ nrnt nr þ nt  2ð Þ
nr þ nt (6)
Based on Pythagoras’ theorem, the
following simpliﬁcation can be proposed:ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
nr  1ð Þ s2r þ nt  1ð Þ
s2t
1þ 0:01dð Þ2
s

ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
nr  1
p
sr þ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
nt  1
p st
1þ 0:01d
(7)
This leads to a somewhat conservative,
but more practical equation:
mt\ 1þ 0:01dð Þ
 mr  tnrþnt2;0:90ﬃﬃﬃﬃﬃ
n
p
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
nr  1
p
sr
 
 tnrþnt2;0:90ﬃﬃﬃﬃﬃ
n
p
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
nt  1
p 
st
(8)
For a selected reference mixture (and
thus known values of nr, mr and sr) and
for the selected number of test results for
the alternative mixture (known value of
nt), this criterion is principally having the
following format:
mt\A Bst (9)
The obtained values for the parame-
ters A and B in Equation (9), based on
the chloride migration test results men-
tioned before, are given in Table 7, for
different numbers of alternative test
results (nt = 3–5). Based on these values,
absolute durability performance criteria
can be deﬁned, without the need to per-
form reference durability tests. The
results of the absolute durability accep-
tance tests according to Equation (9) are
given in Table 8 (for nt = 3). The
obtained results are in agreement with the
results of previous statistical tests.
Discussion
The deﬁnition of absolute durability per-
formance criteria can be done on a statis-
tical basis, as illustrated before for the
case of chloride migration. However, in
spite of the clear statistical principles, the
challenging task which remains is to
deﬁne the reference performance levels
Table 6. Result of statistical compliance testing for chloride migration performance of alternative
mixture (ALT) in comparison with different reference mixtures, based on the extended test with
nr ≠ nt.
s* Ti kn Ti> kn?
ALT vs. CEM III/C 32.5 0.426 −2.339
1.440
NOT OK
ALT vs. CEM III/B 42.5 0.482 −0.769 NOT OK
ALT vs. CEM I 52.5 N HSR 1.471 12.487 OK
10 G. De Schutter et al.
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aimed for. Will we require a chloride
penetration resistance comparable to the
behavior of blast furnace slag concrete
(which is at a very good level), or are we
satisﬁed with a chloride penetration
behavior as noticed for Portland cement
concrete? Furthermore, the concrete will
also need to comply with absolute dura-
bility criteria for carbonation, for which
the Portland cement concrete will now
mark the better behavior, while the blast
furnace slag concrete would lead to less
satisfying carbonation behavior. For the
combined effect of chloride penetration
and carbonation, will we require the best
performance for both degradation mecha-
nisms (which would be unfair in compar-
ison with currently accepted practice), or
will we accept the lower limit for both
(which would lead to a lower overall
durability performance than currently
accepted)? The durability of a marine
structure such as a sea lock will be pri-
marily dependent on chloride-induced
corrosion with carbonation being a much
less likely mechanism causing corrosion
of embedded steel reinforcement. How-
ever, other damage mechanisms also have
to be considered, such as frost resistance
and sulfate attack. A more holistic
debate, considering test results for all
relevant damage mechanisms, will have
to be concluded before the absolute
durability requirements can be deﬁned in
the technical prescriptions for the con-
struction of the sea lock. Nevertheless,
the concept of absolute durability criteria
is available, as illustrated, and can
gradually be brought into practice in the
near future.
Conclusions
In current concrete standards, deemed-
to-satisfy durability rules are typically
deﬁned, requiring a minimum cement
content, a maximum water cement ratio,
and a minimum strength class. In view of
a more intensive application of alternative
binders, consisting of a combination of
powders with possible synergistic effects,
this deemed-to-satisfy approach can be
criticized. The ECPC, as deﬁned in the
European Standard EN 206, offers a ﬁrst
alternative approach for acceptance test-
ing of alternative binders. However, a
more fundamental approach is to deﬁne
absolute durability performance levels, in
analogy to absolute strength performance
(strength classes) and absolute workabil-
ity performance (consistency classes).
Based on a reference test program for
durability behavior of concrete for a
sea lock, and based on statistical
Table 7. Values for A and B in Equation (9) for the case of chloride migration, based on the
obtained test results and for the different reference mixtures, and considering a value d = 30.
nt= 3 nt= 4 nt= 5
A B A B A B
CEM III/C 32.5 0.840
0.285
0.877
0.231
0.901
0.197CEM III/B 42.5 1.400 1.479 1.530
CEM I 52.5 N HSR 23.593 24.028 24.314
Table 8. Application of absolute durability criteria following Equation (9) for the case of
chloride migration, for nt = 3.
mt st A − Bst mt< A − Bst?
ALT
2.36 1.26
CEM III/C 32.5 0.482 NOT OK
CEM III/B 42.5 1.041 NOT OK
CEM I 52.5 N HSR 23.235 OK
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interpretation, absolute durability perfor-
mance criteria can be deﬁned. In this
way, alternative concrete compositions
can be tested without any further need to
repeat durability tests on reference con-
crete as is the case within the ECPC. The
deﬁnition of absolute durability perfor-
mance criteria can be done on a statistical
basis, as illustrated in this study for the
case of chloride migration. However, in
spite of the clear statistical principles, the
challenging task which remains is to
deﬁne the reference performance aimed
for. Nevertheless, the concept of absolute
durability criteria is available, as illus-
trated, and can be gradually brought into
practice in the near future.
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